It has long been known that certain antibiotics, at subinhibitory concentrations, differentially inhibit the synthesis of ␣-hemolysin and other staphylococcal virulence factors. In this report, we show that subinhibitory clindamycin (SBCL) eliminates production of nearly all exoproteins by Staphylococcus aureus but has virtually no effect on cytoplasmic proteins. The effect was abolished by a gene conferring resistance to macrolides-lincosamides-streptogramin B, showing that differential inhibition of protein synthesis is responsible; remarkably, however, subinhibitory clindamycin blocked production of several of the individual exoprotein genes, including spa (encoding protein A), hla (encoding ␣-hemolysin), and spr (encoding serine protease), at the level of transcription, suggesting that the primary effect must be differential inhibition of the synthesis of one or more regulatory proteins. In contrast to earlier reports, however, we found that subinhibitory clindamycin stimulates synthesis of coagulase and fibronectin binding protein B, also at the level of transcription. agr and sar expression was minimally affected by subinhibitory clindamycin. These effects varied from strain to strain and do not seem to be responsible for the effects of subinhibitory clindamycin on the overall exoprotein pattern.
The pathogenicity of Staphylococcus aureus, like that of other gram-positive bacteria, depends largely on extracellular virulence factors, including both secreted and surface proteins. These factors may be regarded as accessory gene products, constituting a subset of proteins that are not required for growth and cell division under ordinary conditions but that enable the organism to adapt to special environmental conditions, including various types of stress as well as the presence of particular nutritional substrates. On one hand, the production of virulence factors and other accessory gene products is carefully regulated, so that the various genes are expressed in response to explicit environmental contingencies. This regulation is accomplished by a network of interlocking regulatory gene functions, often involving signal transduction pathways that monitor the local environment. On the other hand, the synthesis of these products is differentially suppressed by certain antibiotics at low concentrations that have little if any effect on overall growth. This suppression has been reported to include secreted proteins such as ␣-and ␦-hemolysins, DNase, lipase, coagulase, and toxic shock syndrome toxin 1 (TSST-1) (6, 13) . Such effects have also been seen with Streptococcus pyogenes and Bacteroides fragilis, as well as with staphylococci (9, 10, 37) . Similar though less fully documented effects are seen in response to the limitation of essential amino acids (18) . We note that suppression of exoprotein synthesis is seen only with antibiotics that block protein synthesis; those that affect the cell envelope, such as ␤-lactams and glycopeptides, have a stimulatory effect on the synthesis of most exoproteins (11, 13, 30) .
It is interesting that this decrease of exoprotein expression causes a significant attenuation of virulence. For example, the decrease of protein A on the cell surface of S. aureus resulted in a greater number of free receptor sites for complement C3b and an increase in phagocytosis (7, 8, 22) . Reduction of adherence to bone surfaces has also been observed (21) , and pretreatment with subinhibitory clindamycin (SBCL) or lincomycin caused a significant reduction in the severity of skin lesions in a murine subcutaneous abscess model (5, 35) . Though it may seem strange that SBCL would attenuate virulence, one should view the virulence factors as a subset of extracellular proteins; perhaps suppression of exoprotein production by low concentrations of antibiotics could be an adaptive response that evolved in relation to soil ecology long before the development of antibiotics for clinical use. Moreover, the environmental concentration of any antibiotic would have been much lower than that currently encountered by the bacteria in a typical clinical setting. In our view, the effects of low concentrations of antibiotics such as clindamycin are likely to reflect important principles governing the regulation of genes encoding extracellular proteins. Accordingly, we have begun to analyze the molecular basis of the response of S. aureus to SBCL. We find first that with a few exceptions, SBCL essentially eliminates the production of secreted staphylococcal proteins and stimulates the production of certain surface proteins but has very little effect on the production of cytoplasmic proteins. The effect is eliminated by a standard macrolidelincosamide-streptogramin B (MLS) resistance gene, indicating that the basic biological activity of clindamycin, inhibition of protein synthesis, is responsible for the observed effects. Remarkably, however, the individual exoprotein genes are regulated at the transcriptional level. This suggests that the effects are mediated through one or more regulatory factors rather than by direct translational regulation of individual exoproteins.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . NCTC8325 is the propagating strain for phage 47 of the international phage typing set. It is a wild-type agr ϩ strain with a naturally occurring 11-nucleotide deletion in rsbU (14) . RN12 is a derivative of NCTC8325 with a silent insertion of Tn551, conferring erythromycin resistance (26) . RN9203 and RN9204 were obtained by phage transduction (80␣ or ø11) of plasmids pRN6832 (P hla ::blaZ) and pRN6676 (P tst ::blaZ) to NCTC8325. In these plasmids, the ␣-hemolysin (hla) and TSST-1 (tst) promoters are transcriptionally fused to the promoterless ␤-lactamase (bla) gene in the vector plasmid pSA3800 (13) . RN9202 is NCTC8325 carrying pRN6683 (agrP3::blaZ), where the accessory gene regulator (agr) P3 promoter, driving rnaiii, is fused to the ␤-lactamase gene (29) . RN6911 is an agr-null strain, with a 3.3-kb deletion of the agr locus, replaced by a tetracycline resistance gene, tetM (29) . RN9211 is RN6911 carrying pRN6788 (P spa ::blaZ), where the protein A (spa) promoter is fused to the ␤-lactamase gene (13) . RN9398 (agr null) was obtained by transduction of the agr knockout from RN6911 into NCTC8325, using 80␣. RN9205 is NCTC8325 containing staphylococcal pathogenicity island 1 (SaPl1) and expressing tst, constructed by phage transduction (80␣) (19) . COL and WCUH29 (24) are clinical S. aureus isolates. COL is a prototypical methicillin-resistant S. aureus (MRSA) strain whose genome is currently being sequenced and analyzed (www.tigr.org). The genes and proteins involved in this work are described in Table 2 .
Stock cultures were maintained in CYGP broth (25) at Ϫ70°C and cultivated overnight on GL agar (23), supplemented with antibiotics as required, for use in growth studies. In all flask cultures, CYGP broth was used without glucose, to eliminate the effects of catabolite repression on exoprotein synthesis. Thirty milliliters of CYGP or CYGP with subinhibitory clindamycin hydrochloride (0.02 or 0.04 g/ml; Sigma) in 300-ml side arm flasks was inoculated with S. aureus to a density of ϳ3 ϫ 10 7 cells/ml and incubated with shaking (240 rpm) at 37°C. Growth was monitored turbidimetrically with a Klett-Summerson photoelectric colorimeter read at 540 nm. A Klett reading of 100 is equivalent to 3 ϫ 10 8 cells/ml. Cultures were sampled at hourly intervals from 0 to 6 h (referred to as T ϭ 0 to T ϭ 6).
Protein analysis. Supernatants obtained by centrifugation of postexponential cultures (T ϭ 5 and T ϭ 6) were analyzed for exoproteins. Bacteria obtained by centrifugation of late exponential cultures (T ϭ 3 and T ϭ 4) were used for the analysis of cellular proteins. Cell pellets were washed with Tris-EDTA buffer and lysed with lysostaphin. Samples were normalized to constant cell density and then prepared for analysis by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis as described by Laemmli (17) , using SDS-12% polyacrylamide gels. Gels were stained with Coomassie brilliant blue and photographed. Coagulase was assayed by the standards slide agglutination method. ␤-Lactamase activity was determined as described by O'Callaghan et al. (29a) , modified for use in a microtiter plate reader (12) . Samples were normalized to constant cell density unless otherwise specified.
Whole-cell lysates and Northern blotting. Bacteria were collected at the indicated time points (T ϭ 0 to T ϭ 6), and whole-cell lysates were prepared as described by Kornblum et al. (15) . Cultures were centrifuged, fixed in acetoneethanol (1:1), and washed in N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-sucrose buffer. Equalized cell samples were incubated on ice for 30 min with lysostaphin (150 g/ml) in TES-sucrose buffer (20% [wt/vol] sucrose, 20 mM Tris [pH 7.6], 10 mM EDTA, 50 mM NaCl) and shaken for 1 h with proteinase K (50 g/ml; Sigma) and 2% SDS at 4°C. For Northern blotting (40) , the same amount of cell lysate (10 l) was electrophoresed through a 0.66 M formaldehyde-1% agarose gel in MOPS (morpholinepropanesulfonic acid) buffer (20) . Nucleic acids were transferred to a nitrocellulose membrane (Amersham) with a VacuGene apparatus (Pharmacia) in 20ϫ SSC (3 M NaCl, 0.3 M sodium citrate [pH 7]) and fixed under UV light. The membrane was preincubated for 2 h at 52°C in 2ϫ Denhardt's solution (0.02% bovine serum albumin, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.05 M EDTA [pH 8], 0.2% SDS, 5ϫ SSC, with sonicated and heat-denatured salmon sperm DNA [100 g/ml]) and 10% (wt/vol) dextran (Sigma) and then hybridized overnight with a 32 P-labeled DNA probe in hybridization solution. The 32 P-labeled DNA probes were prepared by PCR with gene-specific primers (Table 3 ). The blot was exposed to a storage phosphor screen (Molecular Dynamics) and quantitated with ImageQuant or NIH Image software. Quantitative values for NCTC8325 were normalized to corresponding values for 16S rRNA, obtained using a 16S-specific PCR product as the probe.
RESULTS
SBCL affects the synthesis of exoproteins but not cytoplasmic proteins. Although many antibiotics that inhibit protein synthesis have been observed to suppress the synthesis of virulence factors at subinhibitory concentrations, we have studied primarily the effects of clindamycin, because it seems to have the greatest effect (29; unpublished data) and because its effects were seen at concentrations that had little or no effect on growth. A general picture of the effects of SBCL is seen in Fig.  1 and 2. Clindamycin at a concentration of 0.02 g/ml had a very slight effect (Ͻ5%) on the exponential doubling time of NCTC8325 and some of its derivatives ( Fig. 1 and 3D ), for others, there was no effect (not shown). Additionally, all of the strains tested multiplied and formed colonies of normal size on agar containing clindamycin at 0.02 or 0.04 g/ml. This is typical of results obtained by other investigators (33) . Figure  2A shows the exoprotein profiles of a postexponential culture of NCTC8325 after growth in the presence (lanes 3 and 4) or absence (lanes 1 and 2) of clindamycin at a concentration of 0.02 g/ml. As can be seen, there was a dramatic inhibition by SBCL of general exoprotein synthesis, in general agreement with earlier reports on the effects of SBCL on specific exoproteins, including ␣-and ␦-hemolysins, lipase, DNase, and TSST-1 (4, 13, 30, 32, 34) . Given that NCTC8325 has a deletion in rsbU (16) , which encodes an anti-anti-B factor that could affect the clindamycin response (S. Herbert, B. Peter, and R. P. Novick, unpublished data; see below), we analyzed two rsbU ϩ clinical S. aureus isolates, WCUH29 and the MRSA strain COL, as well as NCTC8325. Similar, though less dramatic, results were obtained with both WCUH29 (Fig. 2B ) and COL (data not shown). An example of an exoprotein whose synthesis is not blocked by SBCL is ␤-lactamase ( Fig. 3D ; see below). This is consistent with the possibility that the effects of SBCL are mediated through specific pleiotropic regulatory proteins (see below), since ␤-lactamase is regulated independently of other extracellular proteins.
In striking contrast to these results, we find that the profiles of cellular (cytoplasmic and membrane-bound) proteins with or without clindamycin are virtually indistinguishable (Fig. 2C , lanes 3 and 4 versus lanes 1 and 2), with the exception of two protein bands that were increased in the presence of SBCL (see below). This is consistent with the observed normal growth of the bacteria. Thus, it is clear that SBCL has a dramatic differential effect on the synthesis of secreted versus cellular proteins. For reasons described below, we predict that there is at least one cytoplasmic protein whose synthesis is inhibited by SBCL. Current experiments are directed toward the identification of such proteins.
SBCL acts by inhibiting protein synthesis. Because the differential effect of clindamycin on extracellular proteins was so striking, it was important to determine whether the effect was a consequence of the standard activity of clindamycin or of inhibition of protein synthesis by binding to the 50S ribosomal subunit or was a manifestation of another, novel activity of the antibiotic. To test this, we used strain RN12, which has a silent insertion of Tn551, carrying a classical MLS resistance determinant, in strain NCTC8325, comparing the exoprotein profiles in the presence and absence of SBCL. As shown in Fig. 2D , the profiles are indistinguishable, indicating that Tn551 eliminates the effect of SBCL on exoprotein production, thus demonstrating that its effect on sensitive strains is, in fact, a consequence of protein synthesis inhibition. To evaluate the specificity of the Tn551 effect, we tested derivatives of NCTC8325 resistant to chloramphenicol and tetracycline, which also inhibit protein synthesis. We found that these strains are as sensitive to SBCL as NCTC8325 (data not shown), indicating that MLS resistance specifically abolishes the clindamycin effect.
SBCL inhibits exoprotein gene transcription. In principle, clindamycin could affect the synthesis, secretion, or stability of the exoproteins. The most direct way to determine the mechanism seemed to be to test for inhibition of transcription, since if transcription were blocked, the other possibilities would automatically be eliminated. For this test, we used transcriptional fusions to ␤-lactamase, at clindamycin concentrations of 0.02 g/ml and sometimes 0.04 g/ml, and Northern blot hybridization analysis of the transcripts at a clindamycin concentration of 0.02 g/ml. As spa is expressed very poorly in NCTC8325, owing to its down-regulation by agr (40), we also used agr-null derivatives, RN9211 and RN9398, for the analysis of spa. The P hla and P tst ␤-lactamase fusions (14) in strain NCTC8325 were dramatically inhibited by SBCL at either concentration ( Fig. 3A and B) , whereas SBCL had no effect on the synthesis of ␤-lactamase encoded by a constitutive mutant of plasmid p1258 (Fig. 3D) . The P spa ␤-lactamase fusion in RN9211 was also inhibited, but only partially (Fig. 3C) .
To confirm the promoter fusion results, we measured the gene-specific transcripts by Northern blot hybridization. To broaden the study, we included WCUH29 and three additional genes, coa, fnbB, and spr. Figure 4A shows Northern blot analysis of whole-cell RNAs prepared from NCTC8325 and probed for hla, spr, coa, and fnbB and from RN9205 and probed for tst. In Fig. 4B is a graphical representation of these results after normalization to 16S rRNA, which was detected on the same blots by hybridization with a 16S-specific probe (not shown). Also shown are Northern blotting patterns for RNA isolated from the isogenic agr-null strain, RN9398, and probed for spa (Fig. 4A ) and for WCUH29 RNA probed for hla, spr, spa, coa, and fbnB (Fig. 4C ). In agreement with the results of the promoter activity tests, SBCL (0.02 g/ml) sharply decreased hla and tst mRNA transcripts in NCTC8325. However, the effects of clindamycin on the spa transcript (Fig. 4A ) seem considerably stronger than its effects on the P spa ␤-lactamase fusion (Fig. 3) , whereas the inhibition of tst transcription was greater as measured by the P tst ␤-lactamase fusion (Fig. 3B ) than by Northern blotting (Fig. 4A) . We note that the Northern blotting pattern with a spa probe was somewhat different for RN9398 than for other agr-null strains such as RN6911, in that the spa transcript level remained high throughout the postexponential phase for RN9398, whereas it decreased considerably for the others (not shown). There was no difference between the two strains in their response to SBCL. We note also that the clindamycin inhibition of hla and spr transcription was greater in WCUH29 than in NCTC8325 (Fig. 4A and B) . This is especially striking for spr, whose expression was delayed rather than blocked by clindamycin in NCTC8325.
Transcription of coa and fnbB seemed to be stimulated in NCTC8325 and WCUH29 by SBCL. The coa and fbnB transcription signals seemed stronger in WCUH29 than in NCTC8325, and we suggest that this and other differences observed between NCTC8325 derivatives and WCUH29 could be related to the rsbU deletion in the former (16) . Because these results are inconsistent with earlier reports of inhibition of coagulase production and fibronectin binding by SBCL (4, 31), we determined coagulase activity in culture supernatants as well as transcription of coa. Since the coa mRNA signal was present only at the earliest time points, we measured coagulase activity in T1-h as well as in T5-h samples. In T1-h samples, activity was detected at a 1:32 dilution, whereas in the T5-h sample, activity was detected only in the undiluted supernatants. In neither case was there any detectable effect of SBCL. We suggest that the decrease in coagulase activity may be a consequence of increased protease activity late in growth. We have no explanation for the apparent disparity between coa transcription and coagulase activity. Note also that, as we show elsewhere (11), expression of both coa and fbnB is dependent on the alternative sigma factor, B , and it is known that coa has a B -dependent promoter (23) . Moreover, considerable interstrain differences have been observed for these proteins. In any case, we suggest that the effects of SBCL seen in Fig. 2 involve transcription rather than protein degradation or secretion.
Since the primary mode of action of clindamycin is blockage of protein synthesis at the level of the ribosome, the blockage of exoprotein synthesis by SBCL would have been expected to be at this step. It is therefore especially significant that the low concentrations of clindamycin used in these experiments block transcription of the exoprotein genes rather than translation of their products. The possibility that the primary effect is translational and that the results shown in Fig. 4 represent mRNA destabilization seems unlikely on the basis of the stimulation of certain extracellular proteins and of the gene fusion results shown in Fig. 3 .
Effects of SBCL on global regulators. Although the observed effects of SBCL are clearly mediated by translational inhibition, which is the basis of the antibiotic activity of clindamycin, the results presented so far suggest that these effects are not at the level of direct interference with exoprotein translation. In other words, clindamycin must interfere with translation of one or more regulatory gene products that, in turn, affect transcription of the exoprotein genes. Accordingly, we have begun to address this question by determining the effects of SBCL on agr and sar, well-characterized global regulators of exoprotein synthesis in S. aureus. The agr locus specifies two transcripts, RNAII (2.3 kb) and RNAIII (514 nucleotides), of which the former determines activation of agr transcription (28) and the latter is the effector of agr regulation (29) .
It is clear that agr cannot be the sole mediator of the clindamycin effect, since SBCL blocks transcription of genes such as hla that are up-regulated as well as genes, such as spa, that are reciprocally down-regulated by agr. As noted earlier ( Fig.  3C and 4A ), SBCL strongly inhibited spa transcription in the agr-null strain, confirming that its effects on spa are independent of agr. Nevertheless, it remained possible that SBCL could act through agr, at least on some of the exoprotein genes. Accordingly, we tested an agrP3-blaZ fusion in NCTC8325 for the effects of SBCL and also analyzed the agr transcription patterns directly by Northern blotting with agr-specific probes. As seen in Fig. 5A , the onset of ␤-lactamase synthesis is delayed by SBCL at either dose and is somewhat inhibited by the higher dose but not by the lower one. The Northern blotting patterns (0.02 g of clindamycin/ml) (Fig. 5B ) are fully consistent with the gene fusion results for NCTC8325. Note that there is a 1-h delay in both cases and that RNAIII synthesis is roughly parallel with and without clindamycin thereafter. This delay was not seen with WCUH29, and there was even a modest stimulation of RNAIII transcription at the early time points. One possible explanation for the apparent difference in strains is that NCTC8325 and its derivatives are mutated in rsbU, as noted. Since hla, spr, and tst transcription are inhibited at all time points in both strains, it is clear that the effects of SBCL on RNAIII cannot be responsible for the effects of the drug on transcription of these three genes.
The effects of SBCL on transcription of sar in these same two strains and also in COL are shown in Fig. 5C . sar is transcribed from three tandem promoters, P sarA, , P sarB , and P sarC , producing three overlapping transcripts, all of which encode SarA, a transcriptional regulator (1) . SBCL stimulated each of these promoters but did so differently in each of the three strains. The strongest effects were on P sarA in NCTC8325 and in WCUH29 and on P sarC in COL and in WCUH29. These effects are difficult to interpret since the roles of the three sar promoters in the production of SarA have not been clearly defined. Since sar strongly enhances the expression of agr RNAIII (3) and therefore contributes significantly to the agr response, it is clear that the general effects of SBCL on exoprotein synthesis cannot be mediated through the effects of sar on agr. Nevertheless, sar has effects on several exoprotein genes independently of agr (2, 41) , and it is conceivable that SBCL could act partly through sar in some cases.
DISCUSSION
It has long been known that the synthesis of many staphylococcal exoproteins, including virulence factors, is inhibited by subinhibitory concentrations of antibiotics whose mode of action is to block protein synthesis. The clindamycin effect has been observed for extracellular proteins in a variety of organisms, including streptolysin S and M protein production by Streptococcus pyogenes (9, 37) and extracellular lipase production by Propionibacterium acnes and P. granulosum (39) . Similar effects have been observed for tetracycline and aminoglycosides, which down-regulate protease production by Pseudomonas aeruginosa (36) and hemolysin production by Escherichia coli (38) . In some cases, disparate results have been reported by different investigators, which may well represent interstrain differences. In any case, we suggest that the observed effects of subinhibitory antibiotics have profound implications for the overall regulatory strategies that are used by bacteria in their interactions with the environment, and we have begun to study the phenomenon with this idea in mind.
In this report, we have confirmed that the synthesis of many exoproteins is inhibited by SBCL. We have shown that the effects of SBCL on exoprotein synthesis are manifested as effects on transcription of the exoprotein genes. This is puzzling since the standard effect of clindamycin is blockage of protein translation at the level of the ribosome. Moreover, the effects on exoprotein gene transcription were abolished by a standard MLS resistance determinant. The suggested explanation of this seeming paradox is that clindamycin specifically interferes with translation of one or more proteins that regulate transcription of the exoprotein genes. For this to be true, translation of these regulatory proteins would have to be differentially sensitive to SBCL. The basis of such differential sensitivity would be an important subject for further study. An alternative possibility is that SBCL differentially blocks transcriptionally coupled translation of proteins that use (membrane-bound) ribosomes dedicated to exoprotein synthesis. This possibility is ruled out by gene fusion experiments using ␤-lactamase as a reporter, since ␤-lactamase is an extracellular protein whose synthesis is not blocked by SBCL.
We have shown here that agr cannot be responsible for the clindamycin effect, although sar could conceivably have a role with respect to certain exoproteins. We show elsewhere that SBCL up-regulates the B operon (Herbert et al., unpublished), which is clearly important for the observed effects of the drug on exoprotein synthesis.
Finally, it may be instructive to consider the biological context in which the effects of subinhibitory antibiotics could have a role. As has been noted, there are profound effects on virulence-as would be expected, since many virulence factors are extracellular proteins. However, it is suggested that the role of subinhibitory antibiotics must be viewed within the competitive environment where the production of antibiotics must have evolved, namely, the soil. Since antibiotic concentrations comparable to those used therapeutically are probably never encountered in the soil, one must assume that the evolution of antibiotics has been driven by forces based on very low environmental, i.e., subinhibitory, concentrations. Further, it is very difficult to imagine that inhibition of the production of exoproteins involved in virulence for metazoan hosts could have provided the evolutionary driving force. Rather, it would seem instructive to consider other types of exoproteins, namely, (i) enzymes that degrade macromolecules and thus enable the organism to obtain importable nutrients and (ii) bacteriocins and other antibacterials. It is possible that other types of secondary metabolism, such as the production of antibiotics, are also affected. Could it be that the development of antibiotics by soil organisms has been driven by the selective advantage gained from the inhibition by low antibiotic concentrations of the production by competitors of degradative enzymes, bacteriocins, or antibiotics?
